Two hepatocarcinoma cell lines, the Hepa-1 wild-type (c1c7) and the b-subunit mutated (c4) lacking hypoxiainducible factor-1 (HIF-1) activity, were differentially susceptible to apoptosis by hepatocyte growth factor (HGF). The c4 cells were 40% apoptotic 48 h after HGF treatment. On the contrary, the wild-type c1c7 cells showed modest signs of apoptosis only at 72 h. The revertant vT{2} cells, consisting of c4 cells stably transfected with HIF-1b expression vector, behaved as the parental cells. To understand the mechanisms of this different sensitivity, we examined a panel of genes involved in apoptosis: ornithine decarboxylase, c-Myc and p53 protein levels progressively decreased while JNK1, caspase 8 and 3 activities persistently increased in c4 cells undergoing apoptosis. Distinct time-related events in c1c7 cells were the transient activations of JNK1 and caspase 8 followed by the accumulation of ODC and c-Myc proteins. The proapoptotic effect of HGF in c4 hepatocarcinoma cells seems to be related to HIF-1 deficiency with loss of cytoprotective and signalling functions. This may contribute to the triggering of the extrinsic pathway consisting in caspase 8 activation, which in turn causes BID cleavage and cytochrome c release. The effector caspase 3 is also activated.
Introduction
Hepatocyte growth factor (HGF) is a mesenchymalderived cytokine, which has been implicated in cell growth, either normal (embryogenesis, regeneration and angiogenesis) and neoplastic (tumorigenesis, tumour progression, invasive and metastatic growth). Biological responses to HGF are mediated by the tyrosine kinase receptor encoded by c-met proto-oncogene (Zarnegar and Michalopoulos, 1995; Maggiora et al., 1997; Trusolino and Comoglio, 2002) .
Both pro-and antiapoptotic effects of HGF have been reported (Conner et al., 1997; Fan et al., 2000; Matteucci et al., 2001; Xiao et al., 2001) . These opposite effects of HGF may depend on the cell type and state as well as on the signal transducers and genes activated downstream. HGF protects epithelial, carcinoma and glioma cells against apoptosis induced by DNA-damaging agents (Fan et al., 1998; Bowers et al., 2000) . The proposed transduction pathway operating downstream of Met receptor involves phosphatidylinositol-3-kinase/ Akt/Pak1, which might phosphorylate and inactivate the cell death agonist Bad. The adapter Gab1 redirects HGF/Met signalling away from this cell survival pathway towards the apoptotic process, for example, during embryonic development (Fan et al., 2001) . In HGF (À/À) null mice the major effect is the reduction in size of the liver, with dissociation of parenchymal cells showing signs of apoptosis (Schmidt et al., 1995) .
Considering the central role played by apoptosis in the early phases of carcinogenesis and in tumour development, we have previously studied the proapoptotic effect of HGF in different cell lines. We have demonstrated that HGF induces apoptosis of human HepG2 hepatoma cells, but not of mouse B16-F1 melanoma cells where it exerts a cytostatic effect. Induction of the regulatory protein antizyme and the concomitant downregulation of ornithine decarboxylase (ODC) protein level because of the degradation in the proteasome seem to be an essential signal for the decisional phase of apoptosis . ODC has been proposed to be a proto-oncogene with a central role in cell growth and apoptosis (Desiderio et al., 1995; Thomas and Thomas, 2001) .
In the present paper, we extend the studies on the proapoptotic effect of HGF in hepatocarcinoma cells, and we try to further our understanding on which transcription factor(s) mediate(s) the proapoptotic HGF/Met signalling as well as the molecular events regulated downstream to execute the apoptotic program. Since our previous data have showed that hypoxia-inducible factor-1 (HIF-1) is activated by HGF in HepG2 hepatocarcinoma cells (Tacchini et al., 2001) , the possible role played by HIF-1 transactivating activity in apoptosis has now been examined. Activation of HIF-1 as an adaptive response was first described for conditions of hypoxia-induced apoptosis. More recent evidence suggests that HIF-1 can be activated by growth factors, cytokines and hormones, but information on the signal transduction pathways involved in cell survival/ apoptosis is scarce (Semenza, 2000) . We first used the mouse parental Hepa-1 c1c7 and the mutated c4 cell lines to study HGF-induced apoptosis. The c4 cell line has a nonfunctional b subunit of HIF-1 (Hoffman et al., 1991) , a condition that prevents the formation of the ab heterodimer and the DNA binding of the transcription factor. To reinforce the results obtained with these two cell lines, we also studied the revertant vT{2} cells consisting of c4 cells stably transfected with HIF-1b expression vector (Wood et al., 1996) . Second, we evaluated some characteristics of the two cell lines possibly related to the different apoptotic response to HGF, such as adhesion molecules (E-cadherins) and HIF-1a expression as well as Met receptor protein level and phosphorylation state. Third, we examined the involvement of proapoptotic genes (p53, c-Myc and ODC) and the activation of key molecular events along the caspase cascade. The c4 cells entirely lacking HIF-1 activity were more prone to undergo apoptosis in response to HGF relative to the wild-type c1c7 cells. In vT{2} cells, we observed a reversion of the HGF effect with the absence of apoptosis relative to c4 cells. We demonstrate that the extrinsic apoptotic pathway was undertaken after HGF triggering via c-Jun NH 2 -terminal kinase (JNK1)/caspase 8 activation, followed by BID-dependent cytochrome c release and caspase 3 cleavage.
Results

Hepa-1 c4 cells undergo apoptotic cell death under HGF treatment
In the present paper, we have used two mouse hepatocarcinoma Hepa-1 cell lines differing in the transactivating function of HIF-1. Four sublines of Hepa-1 exist, bearing mutations that affect aryl hydrocarbon receptor nuclear translocator (ARNT) (Hoffman et al., 1991) . The latter is the constitutive b subunit of HIF-1 that heterodimerizes with the inducible oxygenregulated a-subunit (Semenza, 2000) . In the 'group c' mutants, which includes the c4 subline, the receptor is present in normal amounts but does not translocate to the nucleus. The mutated c4 and the wild-type c1c7 cell lines are widely used in very recent reports to study HIF-1 activity regulation (Alfranca et al., 2002) and the implication in tumorigenesis (Williams et al., 2002) .
The c1c7 and the c4 cells were observed under the microscope after 24 h starvation (st), and further 24 h treatment with HGF ( Figure 1a) . Subconfluent monolayer of cells were wounded before starvation using a sterile needle to allow the observation of the possible 'scatter' effect and morphological modifications caused by HGF thereafter. The Hepa-1 cells in culture show a spindle-shaped phenotype under standard conditions, and grow without forming packed islands typical of epithelia. Epithelial-mesenchymal transition is characteristic of malignant phenotype and aggressive behaviour. This cell morphology was confirmed by fluorescent staining of actin with phalloidin-FITC, using cells cultured on slides in 24-well plates (data not shown). HGF treatment of Hepa-1 c1c7 seemed to enhance dissociation and motility since the cells showed a more elongated shape with emission of pseudopodia, and moved towards the middle of the void space (these cells are indicated by arrows). In contrast, HGF-treated c4 cells that have migrated in the void space assumed a round shape and underwent marked shrinkage. This finding suggests that the cells of the c4 subclone were lacking a molecular factor necessary for 'invasive growth'. This term includes disruption of cellular junctions and migration ('scatter'), proliferation and protection from apoptosis (Maggiora et al., 1997) . The cells were examined to evaluate apoptosis (Figure 1b) . At 48 h after HGF treatment about 40% of Hepa-1 c4 cells were apoptotic with dUTP-transferase labelling of DNA strand breaks, while no clear signs of apoptosis could be observed in HGF-treated c1c7 cells. At 72 h after HGF, more than 30% of the c4 cells were apoptotic and about 10% were necrotic, while only 20% of c1c7 underwent apoptosis without necrosis. Starved cells taken as control showed the following percentages of apoptosis that were essentially the same in the two lines: Hepa-1 c1c7, 3-4% at 24-48 h and 11% at 72 h; Hepa-1 c4, 4% at 24 h and 10-15% at 48-72 h. Therefore, c4 cells seemed to be more prone to undergo the apoptotic process under HGF treatment. To evaluate the importance of HIF-1b defective function in the HGF-induced proapoptotic effect observed in c4 cells, we performed cytofluorimetric analysis using a revertant vT{2} cell line, kindly furnished by Dr O Hankinson (UCLA, CA, USA). The vT{2} cells are c4 cells stably transfected with pBM5/Neo-M1-1 containing a 2.5 kilobase pair insert of ARNT/HIF-1b cDNA and then selected for reacquired aryl hydrocarbon hydroxylase activity. No clear signs of apoptosis were observed in vT{2} cells 48 h after HGF (Figure 2 ), and only a slight percentage (about 15%) of the cells became apoptotic at 72 h (data not shown). The percentage of apoptosis in starved vT{2} cells was 6% at 24-48 h and 10% at 72 h. The data were similar, therefore, to those of parental cells indicating that the protective role of HIF-1 activity was re-established in the mutated cells. In the same series of experiments, the data regarding c1c7 and c4 cells at 48 h after HGF treatment were confirmed (Figure 2) . In further studies, we examined the molecular characteristics and the events that might explain the difference in time of appearance and intensity of the apoptotic response to HGF of c1c7 and c4 cell lines.
E-cadherin, HIF-1a and Met expression in wild-type and mutated Hepa-1 cells treated with HGF
We evaluated whether Hepa-1 c1c7 and c4 sublines had differences in adhesivity, inducibility of HIF-1a protein and Met protein expression/phosphorylation after HGF. Owing to the epithelial-mesenchymal transition phenotype, the c1c7 and c4 cells probably cannot form (Richard et al., 1999; Tacchini et al., 2000) , the induced HIF-1a protein migrates in a very diffuse pattern (104-116 kDa). This depends on strong post-translational modifications of the a subunit protein. The slower migrating bands probably correspond to phosphorylated forms of the protein. As shown in Figure 3b , in c1c7 cells HGF seemed to increase this cluster of bands of 1.6-to 2.3-fold between 1 and 4 h, progressively decreasing thereafter and reaching at 48 h the value of corresponding starved cells (data not shown). This was evaluated by densitometric analysis. In c4 cells, no changes of HIF-1a subunit occurred during all the observation period, and only a sharp protein band of 104 kDa could be observed (Richard et al., 1999) . For the two cell lines, st 0 values were similar to those of control cells cultured with 10% FBS. The pattern of Met protein expression and the phosphorylation state after HGF treatment of Hepa-1 cells are reported in Figure 3c . For comparison, we studied also Met expression in mouse B16-F1 melanoma cells, which are widely used for HGF/Met studies . The pattern of phosphorylation of the 145 kDa band, corresponding to receptor transmembrane b subunit, is given as relative-pTyr (Tacchini et al., 2000) . This value indicates the ratio of the O.D. after blotting with antiphosphotyrosine antibody relative to that after blotting with anti-Met antibody. Met protein phosphorylation of tyrosine residues in positions 1234 and 1235 has a positive regulatory effect on the kinase activity of the receptor, and the phosphorylation on two cytosolic tyrosine residues 1349 and 1356 forms a specific docking site for multiple signal transducers and adapters (Maggiora et al., 1997) . After immunoprecipitation and anti-Met blotting, in starved B16-F1 cells both the receptor precursor (170 kDa) and the mature b subunit (145 kDa) were evident, and the latter was not phosphorylated. In starved c1c7, faint bands (170 and 145 kDa) were observed. Then, the 145 kDa protein level progressively increased reaching a value 1.5-fold higher than that of starved cells 1 h after HGF. However, relative-pTyr was increased 4.5-fold by HGF at 0.5 h declining at 1 h (1.9-fold). In c4 starved cells, the protein level and the phosphorylation state of the b subunit of Met were fairly elevated and did not change after HGF treatment: relative-pTyr values were, therefore, constant for all the observation period after HGF and were lower than 2.
Effect of HGF on proapoptotic genes in cells lacking functional HIF-1
We examined the expression (mRNA and protein levels) of ODC, a delayed early response gene involved in cellcycle control also through the expression of D1 cyclin, or in apoptosis depending on the cell type and the stimuli applied (Thomas and Thomas, 2001) . Under starvation (st 0) (Figure 4a and c) , ODC mRNA and protein levels were higher in c4 than in c1c7 cells. As shown in Figure 4a and b, HGF treatment of c1c7 cells induced the ODC mRNA of about sevenfold between 4 and 6 h, declining towards starvation value at 10 h (data not shown). In HGF-treated c4 subline, the ODC steady-state mRNA level slightly increased at 4 h (twofold) and rapidly diminished thereafter. The protein level of ODC in the two HGF-treated cell lines showed opposite patterns (Figure 4c and d) . In c1c7 cells after a rapid diminution (50%) at 1 h, the ODC protein level doubled at 24 h remaining constant until 48 h. Then it decreased reaching values 1.5-fold those of starved cells at 72 h (data not shown). ODC protein level of HGFtreated c4 cells was lower than in starved cells for all the observation period. We may conclude that in c1c7 cells ODC mRNA and protein were consistently expressed, while in c4 cells ODC messenger increased and protein level progressively decreased giving a possible contradictory signal to the cell. Figure 5a shows that in c4 cells p53 protein underwent a progressive and remarkable downregulation from 24 to 72 h (50-90% decrease) after HGF treatment, while in c1c7 cells p53 remained practically constant with only a slight diminution at 72 h. c-Myc protein level also progressively diminished in HGF-treated c4 cells during the period of observation (20-40% decrease), while in c1c7 an increase in c-Myc protein level (2.6-fold) occurred at 72 h. However, c-Myc protein was maintained at a certain level in both wild-type and mutated Hepa-1 cell lines when they underwent apoptosis after HGF, and the supposed mechanisms might be Ser phosphorylation via ASK1-JNK and stabilization (Noguchi et al., 2001) . Even if proteolysis is implicated in both p53 and c-Myc turnover, the specific proteasome inhibitor clasto-lactacystin b-lactone (Lac) caused an accumulation of p53 protein 48 h after HGF treatment in c4 cells, while c-Myc was unaffected. Therefore, only p53 seemed to be degraded via proteasome under our experimental conditions (Figure 5b ).
The extrinsic pathway is activated by HGF in c4 cells undergoing apoptosis
At least two pathways execute apoptosis (Jesenberg and Jentsch, 2002) . Since a direct link between growth factor receptor Met and the death receptor Fas seems to exist in liver tissue (Wang et al., 2002) , we investigated whether the extrinsic pathway might be activated by HGF in hepatoma cells. Therefore, we first evaluated JNK1 and caspase 8 activities that are considered the two key events in the initiation/effector phases of the extrinsic apoptotic pathway . Then, we considered BID cleavage, cytochrome c release, caspase 3 activation and Bax protein expression.
JNK1 activity was measured by determining its ability to phosphorylate an in vitro substrate [NH 2 -terminal (residues 1-79) c-Jun fusion protein]. Basal JNK1 activity was detectable in the two untreated cell lines both under starvation (Figure 6a ) and 10% FBS growth culture conditions (data not shown), in agreement with the literature (Adler et al., 1999) . In c1c7 cells 2 h after HGF treatment JNK1 activity showed a short-lived increase (fivefold), while in c4 cells a 2-2.5-fold enzyme activation also occurred early (2 h) and was persistent until 14 h (Figure 6a ). The inset shows the Western blot analysis of labelled phosphorylated c-Jun in HGFtreated c1c7 and c4 cells under the above-reported assay conditions. We evaluated also the phosphorylation state of JNK1 that did not show changes of the protein level during all the observation periods in the two cell lines (Figure 6b ). After HGF, the tyrosine phosphorylation (P-JNK1) increased by about twofold at 2 h in c1c7 cells, declining thereafter towards starvation value. P-JNK1 was persistently elevated (1.6-fold) starting from 2 h until 8 h in c4 cells. The activation of JNK1, a typical redox-sensitive stress kinase, may be dependent on the formation of oxygen radicals induced by HGF (Arakaki et al., 1999) . Caspase 8 activity was assayed by spectrophotometric detection at 405 nm of the chromophore p-nitroanilide (pNA) after cleavage from the substrate IETD-pNA. Comparison of the absorbance of pNA from an apoptotic sample with an uninduced control allows relative quantification (fold increases) of caspase (Figure 6c ). The enhancement of caspase 8 activity was strong (6-8-fold) between 14 and 24 h in HGF-treated c4 cells, while in c1c7 cells it was less pronounced, peaked at 14 h (fourfold) and then rapidly returned towards the value of starved cells. During the early stages of the extrinsic apoptotic process, caspase 8 is activated by cleavage into small fragments which subsequently initiate the caspase cascade . The amount of the proform of caspase 8 (50 kDa) was decreased (60%) in 24 h HGF-treated c4 cells. At 14 h, we observed 20 and 30% diminutions of procaspase 8 levels in c1c7 and in c4 cells, respectively (data not shown). The antibody used did not allow to detect the small activated p18 fragment (Figure 6d) .
(FLICE) activity
In further experiments, we evaluated whether BID, a proximal substrate of caspase 8 and a proapoptotic member of the Bcl2 family, was activated in our experimental conditions (Figure 7a ). To asses the location of intracellular BID and of its active p15 fragment, we disrupted Hepa-1 cells using isotonic lysis conditions which kept the mitochondria intact. We analysed samples of 30 and 15 mg of protein for cytosol and mitochondria that corresponded to 1/4 and 1/2 of total proteins extracted from each of the two cell fractions, respectively. A substantial portion of p22 BID was consistently detected in the cytosolic fraction and to a less extent in the mitochondria. Cell fractions used were controlled by the respective markers b-tubulin and VDAC1 that is a protein of the ionic channels of the mitochondrial outer membrane. This subcellular distribution of p22 is consistent with data reported in the literature (Gross et al., 1999) . In c1c7 cells, the p15 fragment was present in the cytosol and mitochondria at 48 h. However, BID cleavage in HGF-treated c4 cells occurred before than in c1c7 cells: p15 fragment was observed in the cytosol at 14 h, and at 24 h while still present in the cytosol was predominantly in the mitochondria. By 48 h, p15 BID was almost exclusively in the mitochondria of c4 cells. Figure 7b shows that cytochrome c concentration augmented in the cytosol fraction of c1c7 and c4 cells 48 and 24 h after HGF, reaching values 2-and 3.5-fold higher than those of starved cells, respectively. Up to 50% of mitochondrial cytochrome c was released into the c4 cell cytosolic fraction at 24 h, but there was no evidence of cytochrome c release at 48 h. No differences in subcellular cytochrome c concentration among starved and control (10% FBS) cells were observed (data not shown).
As reported in Figure 7c , the protein level of caspase 3 precursor (32 kDa) in c4 subline showed a 60% reduction between 48 and 72 h after HGF treatment relative to the corresponding starved cells, and low M r (20 000 and 17 000) fragments that are hallmarks of activation were present. A 50% decrease of caspase 3 precursor with the formation of low M r bands was observed in HGF-treated c1c7 cells only at 72 h. The expression of Bax protein was enhanced in 72 h HGFtreated c4 cells (3.1-fold), while in c1c7 the level of Bax protein remained constant. It is worth noting that in c4 cells the upper inducible band (25 kDa), that is probably the Baxa involved in apoptosis , was evident starting from 24 h after HGF and increased progressively up to 72 h (Figure 7c ).
Discussion
In the present paper, we show that the hepatocarcinoma cell line Hepa-1 c4 with a nonfunctional HIF-1 transcription factor because of b subunit mutation was more prone than the wild-type c1c7 to undergo apoptosis under HGF treatment: the extrinsic receptor pathway was essentially triggered. We tried to identify some molecular mechanisms that may justify the more prompt as well as the more strong and persistent proapoptotic effect of HGF in c4 cells, and we considered specifically the expression of genes important for the decision (initiation) phase and the activation of events involved in effector/execution phases of extrinsic pathway of apoptosis. The prevention of the apoptotic process in c4 cells by reacquisition of b subunit (ARNT) function with stable transfection suggests a protective role of HIF-1 activity in hepatoma cells treated with HGF.
Specific signals for apoptosis do not exist, and this process depends on the reception of extracellular and intracellular signals, integration and amplification of the signals through second messengers followed by activation of transcription factors in the nucleus that regulate gene expression and, finally, by activation of execution proteases (Dragovich et al., 1998) . Recent data published when this paper was in preparation show that there is a direct interaction between Met and death receptors. Met a-subunit may bind Fas and inhibit the initiation of apoptosis. Met phosphorylation state and even more the high concentration of HGF which binds the receptor modifying its structure are important for Met/Fas dissociation and apoptosis independent of FasL expression. However, Jo2 monoclonal antibody may cooperate with HGF to induce apoptosis of Hepa-1 cells (Wang et al., 2002) . The study of other agonists of the extrinsic pathway (TRAIL, TNFa) in our cell lines will be the object of a future work.
The constitutive tyrosine kinase activity of Met in c4 cells is suggested by the intrinsic phosphorylation of the receptor protein, and represents a possible mechanism for deregulated activation of signalling pathways involved in growth suppression. HIF-1a was detected in c4 cells as a sharp protein band not affected at posttranslational level by HGF differently from a subunit in c1c7 cells. This might explain the difference in survival between parental and mutated cell lines that seems to be consequent to the binding of phosphorylated HIF-1a to ARNT . We have undertaken experiments in hepatoma and mammary carcinoma cells after HGF treatment to evaluate the activation of antiapoptotic genes such as Mcl-1 (Katoh et al., 1998) , of growth supporting proteins, such as VEGF (Baek et al., 2000) , and of glycolitic enzymes and glucose transporter (Akakura et al., 2001) . The opposite mRNA/protein ODC pattern observed in c4 cells is likely to be a crucial event for the decision (initiation) phase of apoptosis as reported for other models (Desiderio et al., 1995; Grassilli et al., 1998; Matteucci et al., 2001) . The proteasome multienzymatic system is involved in the apoptotic process through the degradation of specific proteins (Orlowski, 1999) , and for ODC the binding to the regulatory protein antizyme is required (Murakami et al., 2000) . ODC is subject to multiple levels of control including transcription, mRNA stability, translational efficiency, post-translational modification and protein stability (Mar et al., 1995) . It is worth noting that five HIF-1 consensus sequences are present in mouse ODC promoter (gene bank X14205), also explaining the scarce inducibility of ODC mRNA in the c4 subclone where HIF-1 transcription factor activity is lacking.
Different interactions between p53 and c-Myc occur in various apoptotic processes. p53 is a guardian of the genome integrity, and is overexpressed under genotoxic conditions. However, an obligate role for p53 in c-Mycinduced apoptosis is less clear (Lundberg and Weinberg, 1999) . c-Myc activation can sensitize cells to a wide variety of mechanistically distinct antiproliferative stimuli that are insufficient or only weakly elicit the full death response (Soucie et al., 2001) . p53 activates apoptosis by either inducing expression of proapoptotic genes or by reducing expression of prosurvival genes (Schuler and Green, 2001; Woods and Vousden, 2001) . In mouse apoptotic cells Bax, a typical proapoptotic gene, is transcriptionally regulated by SP1/3 and E-box (consensus sequence for c-Myc/Max) binding proteins but not by p53 (Schmidt et al., 1999) . Moreover, in HGF-treated c4 cells p53 was likely to be degraded via proteasome because treatment with the specific inhibitor Lac caused an accumulation of p53 protein. A crosstalk between p53 and HIF-1a is one of the regulatory mechanisms for the stabilization of p53 in tumours (Semenza, 2000; Woods and Vousden, 2001) : upon loss of p53 in c4 cells, MDM2 probably is not formed and HIF-1a is no more degraded. Also, in c4 apoptotic cells c-Myc protein maintained a certain level and an enhanced degradation via proteasome did not seem to occur, but a reduced transcription by HIF-1 (for consensus sequence see gene bank M12345) and NF-kB (Tacchini et al., 2000) might be suggested. A direct or indirect role of c-Myc in Bax activation is still unclear (Soucie et al., 2001) . We observed a late enhancement of Bax protein after HGF in c4 cells, and we hypothesized that other members of Bcl-2 family like the 'BH3 domain containing' BID might be implicated in the permeabilization of the outer membrane of mitochondria to cytochrome c.
Taking into account the interaction of Met/Fas in normal and neoplastic liver cells, we studied the molecular events possibly involved in the extrinsic pathway for apoptosis in our model. JNK1 and caspase 8 activities increased in sequence and for a prolonged time in c4 cells HGF-triggered to undergo apoptosis, while in c1c7 cells these enzyme activations were short lived. We suggest that in c4 cells JNK1 activation plays various roles during the decisional phase: it may control p53 degradation, regulate c-Myc transactivating function and activate caspase 8 by regulating the interaction with FADD adapter molecule Noguchi et al., 2001; Woods and Vousden, 2001 ). In turn, activated caspase 8 might perform directly the cleavage of BID and of procaspase 3. We cannot exclude that the BID-dependent release of cytochrome c may drive the assembly of the high-molecular weight caspaseactivity complex in the cytoplasm, termed apoptosome, and then may further stimulate procaspase 3 cleavage. Most of the morphological and functional changes that characterize apoptosis are brought about by caspases, for example caspase 3, that are considered the central executioners of the apoptotic pathway (Adrain and Martin, 2001 ).
In conclusion, in c4 cells undergoing apoptosis after HGF treatment the functional proteasome system and the constitutive mutation affecting ARNT function were coinvolved to inactivate in cascade the transcription factors HIF-1 and p53, and to enhance persistently the activities of the stress kinase JNK1 and of caspase 8. This pattern of molecular events that characterize c4 with respect to c1c7 cells might explain the difference in time course of key steps along the caspase cascade, with delay in the occurrence of BID cleavage, cytochrome c release and caspase 3 activation in parental cells. The role of HIF-1 in apoptosis is highly controversial. HIF-1 and p53 conspire to promote hypoxia-induced apoptosis in embryonic stem cells and in neurones. However, more recent data indicate that HIF-1 may play a protective role against apoptosis under different conditions (Minet et al., 2001; Akakura et al., 2001; Williams et al., 2002) . Williams and collaborators show that tumour cells defective of b or a subunit of HIF-1 are equally more sensitive to redox perturbations and hypoglycaemia, reproducing changes in microenvironment in vivo, and are less tumorigenic. In HGF-treated cells lacking HIF-1 activity a kind of cytoprotective function was likely to be lost and/or a versatile control mechanism in gene expression and signal transduction, responsive to intracellular stressful conditions, might be affected. As a consequence, in c4 cells JNK1 was activated and typical target genes involved in metabolic adaptation, angiogenesis, invasiveness and, in our case also in the control of the cell cycle, such as c-Myc and ODC, might be less expressed favouring apoptosis in hepatocarcinoma cells. 
Materials and methods
Materials
Apoptosis and cell 'scattering' assay
Hepa-1 c1c7, c4 and vT{2} cells were seeded in a six-well plate at a density of 20-40 Â 10 3 cells in MEM supplemented with 10% FBS. For vT{2} cells, 400 mg/ml of Geneticin (G418 sulfate, Life Technology Italia) was added to complete MEM for all the experimental period. After 3 days, the cells were cultured for 24 h in starvation medium (0.1% FBS). Then, HGF (40 ng/ml of MEM without serum) was added. For the evaluation of apoptosis, ethanol (70%, v/v) fixed cells were allowed to react with dUTP-transferase and FITC-conjugated dUTP to label DNA strand breaks caused by endonucleases, and analysed using a Becton Dickinson FACScan (Flow Citometry Facility, Istituto di Ricerche Farmacologiche Mario Negri, Milano, Italy) . To evaluate cell 'scattering' after HGF treatment, a discontinuation was made in the culture with a sterile needle before starvation, and then the cells were photographed (20x magnification) under the microscope (Axiovert, Zeiss, Germany).
Northern and Western blot analyses
The Hepa-1 cells (4 Â 10 6 ), seeded in T25 flasks and allowed to attach, were subjected to 24 h starvation followed by treatment with HGF (40 ng/ml). Total RNA was purified and samples (30 mg) were examined as reported before . Hybridization was performed with 750 base pair PstI fragment from mouse ODC cDNA (Dr Coffino, University of California, San Francisco, CA, USA), and GAPDH was used for the control of RNA loading and normalization. Total cell
